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Sugar maple (Acer saccharum Marshall, SM) is believed to be more sensitive to acidic
and nutrient-poor soils associated with conifer-dominated stands than red maple (Acer
rubrum L., RM). Greater foliar nutrient use efficiency (FNUE) of RM is likely the cause
for this difference. In the context of climate change, this greater FNUE could be key
in favoring northward migration of RM over SM. We used the concept of foliar nutrient
balances to study the nutrition of SM and RM seedlings along an increasing gradient in
forest floor acidity conditioned by increasing proportions of conifers (pH values ranging
from 4.39 under hardwoods, to 4.29 under mixed hardwood-conifer stands and 4.05
under conifer-dominated stands). Nutrients were subjected to isometric log-ratio (ilr)
transformation, which views the leaf as one closed system and considers interactions
between nutrients. The ilr method eliminates numerical biases and weak statistical
inferences based on raw or “operationally” log-transformed data. We analyzed foliar
nutrients of SM and RM seedlings and found that the [Ca,Mg,K| P,N] and [Ca,Mg| K]
balances of SM seedlings were significantly different among soil acidity levels, whereas
they did not vary for RM seedlings. For SM seedlings, these differences among soil
acidity levels were due to a significant decrease in foliar Ca and Mg concentrations
with increasing forest floor acidity. Similar differences in foliar balances were also found
between healthy and declining SM stands estimated from literature values. Conversely,
foliar balances of RM seedlings did not differ among soil acidity levels, even though
untransformed foliar nutrient concentrations were significantly different. This result
highlights the importance of using ilr transformation, since it provides more sensitive
results than standard testing of untransformed nutrient concentrations. The lower nutrient
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requirements of RM and its greater capacity to maintain nutrient equilibrium are factors
that could explain its competitive success and recent northward expansion. This study
underscores the importance of using nutrient balances to study the redistribution of plant
species in natural ecosystems under climate change.
Keywords: seedlings, isometric log-ratio, conifers, soil acidity, ecological gradient, foliar nutrients
INTRODUCTION
Climate, soil properties and biotic interactions are key factors
controlling the geographical distribution of plant species
(Whittaker, 1970). However, rapid ongoing climatic changes are
creating new physiological constraints that force plant species
to find new ecological optima by shifting their ranges to higher
elevations and latitudes (Parmesan and Yohe, 2003; Rosenzweig
et al., 2008; Chen et al., 2011). Scientists have paid greater
attention to climate, as it is presumed to be the leading factor
that results in changing plant distributions, but observed shifts
of plant species have occurred at slower rates than that of climate
change itself (Parmesan and Yohe, 2003; Loarie et al., 2009; Chen
et al., 2011; Zhu et al., 2012). Recent evidence suggests that non-
climatic factors such as soil properties and biotic interactions are
slowing the migration of plant species (McMahon et al., 2011;
Brown and Vellend, 2014; Graignic et al., 2014). Therefore, more
research is needed regarding the role of non-climatic factors,
such as soil properties, in affecting the northward migration of
trees in the early stages of establishment (i.e., tree recruitment,
including seed germination and seedling survival and growth)
(Cleavitt et al., 2014).
Recruitment of sugar maple (Acer saccharum Marshall, SM)
is of particular interest in eastern North America, given that
this tree species is dominant over a large geographical area.
Sugar maple is sensitive to acidic and nutrient-poor soils (St.
Clair et al., 2008), and this sensitivity was proposed as an
explanation for its limited capacity in migrating northward into
the boreal forest (Graignic et al., 2014). Acidic, Ca-poor soils
that have thick litter layers, and which are characterized by low
N-mineralization rates, generally support boreal forests (Binkley
and Giardina, 1998). These soils may negatively affect the early
stages of SM seedling establishment (Graignic et al., 2014), as has
been demonstrated in various mature SM stands in eastern North
America (Kobe et al., 2002; Juice et al., 2006; Long et al., 2009).
The effects of soil acidity and soil base-cation depletion have
resulted in foliar Ca and Mg deficiency, leading to tree decline.
Unlike SM, the range of red maple (Acer rubrum L., RM)
has expanded more successfully over the last 100 years in North
American forests that are supported by acidic and nutrient-poor
soils (Abrams, 1998). Recently, Zhang et al. (2015) reported that
RM establishment and growth were facilitated at its northern
distributional limit in Quebec by increasing fire frequency. A
survey of Allegheny National Forest (northwest Pennsylvania)
revealed that decline symptoms and mortality rates in SM were
three times greater than those of RM (McWilliams et al., 1996).
These declines were linked to soil nutrient status (i.e., low Ca and
Mg saturation) and severe insect defoliation events (Bailey et al.,
2004). Variation in foliar nutrient use efficiency (FNUE) and
tolerance to nutrient limitations were proposed as an explanation
for the greater success of RM compared to SM on acidic and
nutrient-poor soils (Abrams, 1998; St. Clair and Lynch, 2005b).
Relationships between soil nutrient availability, foliar
nutrition and forest stand composition must be better
understood to predict the recruitment and establishment of
tree species that would need to migrate under climate change.
Foliar nutrient status of forest tree species have been most often
compared using mass nutrient content, nutrient percentages
or dual ratios. However, foliar nutrients (as is the case of
any other variables that are expressed in the same units, as
proportions, percentages, ppm or ppb) belong to the class of
compositional data, which are quantitative descriptions of the
parts of a closed system, i.e., a composition or simplex, within
the leaf tissue (Aitchison, 1986). Such data consist of “closed”
or bounded variables, since they sum to a constant value for
a given sample. Thus, the manner in which foliar nutrients
are reported has some consequences for their interpretation.
First, the use of ratios can lead to spurious correlations caused
by scaling as it was demonstrated that if the foliar nutrients
X, Y, and Z are uncorrelated, then X/Z and Y/Z will not be
uncorrelated (Pearson, 1897; Chayes, 1960). Second, nutrients in
the leaf are not only related physiologically through interactions
(Marschner, 2011), but they are also numerically related given
that all nutrients are constrained to sum to 100%; when one
nutrient increases, then the others or some of the other nutrients
must decrease concomitantly, and vice versa (Aitchison, 1986).
Third, a D-part composition (D is the number of nutrients that
have been measured) has only D-1 degrees-of-freedom because
one component can be calculated as the difference between the
unit and the sum of the other components (Claringbold, 1955;
Schrevens and Cornell, 1993; Aitchison and Greenacre, 2002).
Using raw compositional data or dual ratios to conduct linear
statistical analysis therefore leads to methodological biases and
analytical incoherence caused by: (1) spurious correlations;
(2) neglecting to account for nutrient interactions; and (3)
redundancy of information that is carried by excess degrees-of-
freedom (Wilkinson et al., 2000; Bacon-Shone, 2011). To avoid
bias, the isometric log-ratio (ilr) transformation technique that
was developed by Egozcue et al. (2003) allows D – 1 orthogonal
contrasts to be produced, which are interpreted as balances
between two groups of nutrients in an Euclidean space. The ilr
transformation also illustrates nutrient relationships according
to partitions that decompose the composition into hierarchically
arranged or nested groups of nutrients, i.e., subcompositions
(Parent S. E. et al., 2012). Further, ilr is the most appropriate
transformation and is more easily interpreted for plant nutrient
diagnosis (Parent, 2011; Parent L. E. et al., 2012; Parent et al.,
2013) compared to additive log-ratios or centered log-ratios.
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Our objective was to use ilr-transformed foliar nutrients to
study the nutrition of SM and RM seedlings along a gradient of
soil acidity conditioned by increasing proportions of conifers.
We hypothesized that while nutrient imbalances in SM foliage
are exacerbated due to increasing soil acidity, nutrients in RM
foliage are more balanced because this species can better adapt
to environments with greater nutrient limitations.
MATERIALS AND METHODS
Study Site
The study site is located at the Station de Biologie des Laurentides
(SBL) of the University de Montréal in St. Hippolyte, Quebec
(45◦59′N; 74◦00′O). The SBL lies within the SM-yellow birch
(Betula alleghaniensis Britton) domain of the lower Laurentians,
near its northern limit and at the transition with the boreal
forest (Saucier et al., 2009). Sugar maple is found concurrently
with RM, yellow birch, poplars (Populus spp.), balsam fir (Abies
balsamea (L.) Mill.), white spruce (Picea glauca [Moench] Voss)
and eastern white cedar (Thuja occidentalis L.). Due to themosaic
of tree species that formed the site, it was possible to find SM
and RM seedlings growing concomitantly along an increasing
gradient of soil acidity conditioned by increasing proportions of
coniferous tree species.
Experimental Design and Sampling
Plots that were used for this experiment are the same as
those previously studied by Collin et al. (submitted). Four plots
(50 × 50 m) were delineated under each of the following forest
canopies: (1) hardwood stands of SM and birch species; (2) mixed
hardwood-conifer stands with SM, Betula spp. and conifers; and
(3) conifer-dominated stands with SM seedlings and saplings (3
sites× 3 species composition× 4 repetitions= 36 plots). In each
of these plots, SM and RM seedlings were present. Foliage from
five SM and RM seedlings (between 20 and 30 cm in height) were
collected within each plot for subsequent chemical analysis. Total
height and diameter at the ground level were measured on all SM
and RM seedlings that were sampled. We did not measure the
age of SM and RM seedlings, but we assume that SM seedlings
were a little bit older than RM seedlings, on average, due to
their greater shade-tolerance and slower growth rate. However,
nutrient concentrations in plant parts are mostly affected by their
physiological age (Marschner, 2011). Therefore, comparisons
of nutrient concentrations and ratios should ideally be done
between plants of similar growth stages and not necessarily
of similar ages. In this respect, the bias that was incurred by
comparing SM and RM of similar heights and growth stages,
despite possible differences in ages, is likely small.
The sandy loam soils at St. Hippolyte are Orthic Humo-Ferric
Podzols (Soil Classification Working Group, 1998) developed
from well-drained rocky glacial tills composed of a mixture of
rocks from the small underlying anorthosite pluton (deep-seated
intrusive igneous rock) of the Morin Complex (Doig, 1991) and
of more felsic rocks (e.g., mangerite, syenite, charnockite) in the
surroundings of the anorthosite pluton (Bélanger et al., 2012).
The forest floor is a moder humus form with a thickness of 5–
10 cm. Details on soil sampling, analysis and chemical properties
are provided in Collin et al. (submitted). We simply confirm here
that conifer-dominated stands have a significantly lower forest
floor (i.e., FH horizons) pH (4.05 ± 0.07) compared to forest
floors supporting mixed hardwood-conifer stands (4.29 ± 0.11)
and hardwoods (4.39 ± 0.09). On the whole, nothing indicates
that variations in forest floor pH are due to intrinsic site factors
(e.g., parent material and topographic position, slope or aspect)
other than forest type. For example, mineral soil texture is similar
under each of the forest canopies and composed of about 2–3%
of clay, 38–42% of silt and 55–60% of sand.
Foliar Nutrients
Leaf samples were oven-dried for 72 h at 65◦C upon arrival in
the laboratory. They were then pulverized using a ball mill prior
to total C and N determination by high-temperature combustion
and thermal conductivity detection (EA 1108 CHNS-O Analyzer,
Thermo Fisons,Waltham,MA, USA). A 0.2 g subsample was also
digested in 2ml of 15 NHNO3 for 4 h at 100◦C in glass test tubes.
Base cation concentrations (Ca, Mg, and K) of the digests were
determined using atomic adsorption/emission (Model AA-1475,
Varian, Palo Alta, CA, USA), whereas P concentrations were
determined colorimetrically using the molybdenum blue method
(Technicon Autoanalyzer, Technicon Instruments Corporation,
Tarrytown, NY, USA).
Computation of Foliar Nutrient ilr Balances
Computing ilr implies that the compositional data are
numerically constrained to a compositional data space.
Given that not all elements of the leaf are typically measured,
it is therefore a necessity to first compute a filling value
(Fv), which replaces the elements that were not measured.
This Fv was calculated as the difference between the unit of
measurement (i.e., 100%) and the sum of all nutrients that
had been measured. The compositional data matrix was then
constrained as described by Aitchison (1986), i.e., the closure
operation computes the constant sum of components and closes
it to some whole such as 100%. Once the composition data
space was closed, the ilr-transformation was applied (Egozcue
et al., 2003). This ilr system of balances is first defined by
a nested, binary contrasts that are implemented during the
sequential binary partition (SBP) steps, in which components
are hierarchically arranged into functional sub-compositions
(Parent S. E. et al., 2012). This hierarchical arrangement of
balances needs to be constructed based on prior knowledge or
hypotheses as a means to produce interpretable results (Parent
S. E. et al., 2012). In this study, the SBP (Table 1) was designed
based on prior knowledge of nutrient interactions in higher
plants (Marschner, 2011). We first contrasted all measured
nutrients (i.e., N, P, K, Ca, and Mg) with Fv, i.e., [Fv|Elements].
We then partitioned measured nutrients to reflect the charge
balance in plant cells (Marschner, 2011). Thus, N and P were
contrasted with K, Ca and Mg, i.e., the two-part amalgamated
ratio [Mg,Ca,K|P,N]. Sub-compositions were further divided
into an anionic Redfield [P|N] balance (Loladze and Elser, 2011)
and cationic [Mg,Ca|K] and [Mg|Ca] balances (Marschner,
2011).
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TABLE 1 | Sequential binary partition (SBP) of foliar nutrients of sugar and
red maple seedlings based on prior knowledge of nutrient interactions in
higher plants (Marschner, 2011).
Balance [−1 subset | +1
subset]
N P K Ca Mg Fv n+ n−
[Fv | N, P, K, Ca, Mg] 1 1 1 1 1 −1 5 1
[K, Ca, Mg | N, P] 1 1 −1 −1 −1 0 2 3
[P | N] 1 −1 0 0 0 0 1 1
[Ca, Mg | K] 0 0 1 −1 −1 0 1 2
[Mg | Ca] 0 0 0 1 −1 0 1 1
The composition is partitioned sequentially and hierarchically into subcompositions where
parts labeled “1” at numerator are contrasted with parts labeled “−1” at denominator
in each row. Parts labeled “0” are excluded from the contrast. Balances are noted with
denominator placed on the left because log ratios become more negative as values at
denominator increase, hence leaning to the left as in algebra.
The ilr balances defined during the SBP steps (Table 1)














where, in the jth row of the SBP, n+j and n
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and g(c−j ) are the geometric means of components in the “+” and
“−” group, respectively. Balances are generally noted [−1 group
| +1 group], with denominator on the left because log ratios
become more negative as values at denominator increase, hence
leaning to the left as in algebra. For example, the ilr equation of





Mg . If Ca concentration increases,
then the ilr coordinate will also increase in value. In addition,
an increase in Ca concentration will change the [Mg|Ca] and
[Mg,Ca|K] balances, without affecting the [P|N] balance. This
technique produces D−1 balances in a D-part composition,
avoiding matrix singularity and redundancy. The transformation
also assures that ilr balances are orthogonal to each other, thus
linearly independent, making this technique totally appropriate
for conducting multivariate and multiple regression analyses.
Computation of Foliar Nutrient Ranges of
SM and RM
Because growth rates of maple seedlings were not measured in
this study, we could not directly assess their health and vigor in
relation to foliar nutrients. Therefore, we compared foliar data
obtained from the literature to foliar data from SM seedlings
at St. Hippolyte to assess their nutritional status. First, foliar
nutrient concentrations that were measured in this study were
compared to foliar nutrient concentrations from a small set
of recent literature reports that included data on SM and RM
seedlings that were growing on similar acidic soils (forest floor
pH ranging from 3.4 to 5.5). The data were used to construct
ranges of foliar N, P, K, Ca, and Mg concentrations. Second,
we attempted to develop specific ranges for foliar ilr balances
in healthy and declining maple seedlings from the literature.
However, data on foliar nutrients for SM and RM seedlings
are sparse. Many studies do not report all foliar nutrients that
are required to compute ilr balances, nor do they relate foliar
nutrients to seedling performance. Foliar nutrient concentrations
of SM trees are more widely documented and relationships
to tree fitness are often provided. A substantial SM data sets
comprised of trees growing on soils (forest floors) with pH values
ranging from 3.14 to 7.04 was assembled, which allowed us to
construct ranges in foliar ilr balances for healthy and declining
SM stands. This data set was later used as a proxy for the
nutritional status of SM seedlings that were growing under three
different forest types (hardwood, mixed hardwood-conifer and
conifer-dominated forests) at St. Hippolyte. Conversely, foliar
nutrient data for RM are sparse for both trees and seedlings
and, in turn, it was not possible to compute foliar ilr balances
for RM.
Statistical Analyses
Data were analyzed using R software (version 3.0.0, R Core
Team, 2013). The ilr-transformations were performed with the
functions acomp and ilr of the compositions package (van
den Boogaart et al., 2013). The function acomp is used for
the closure operation, and the function ilr is used on this
closed data space to perform the ilr transformation equation
described above. To assess whether forest types have specific
foliar nutrition signatures, linear discriminant analysis combined
with a posteriori classification was performed with the function
lda available in the MASS package (Venables and Ripley, 2002).
Foliar ilr balances were employed as the response variables, and
the multivariate homogeneity of variance-covariance matrices
(permutation-based, multivariate extension of Levene’s test)
between species was tested using the betadisper function in the
vegan package (Oksanen et al., 2013). Multivariate regressions
between foliar signatures as the response variables (i.e., all
balances considered) and forest floor pH as the explanatory
variable were computed using data from all forest types to
determine if foliar balances of SM or RM seedlings are controlled
by forest species composition. Simple linear regressions between
each foliar ilr balance and forest floor pH were then performed
to quantify the relative contributions of each balance to the
main multivariable SM and RM regressions if the latter were
found significant. One-way analysis of variance and Tukey’s
HSD (honest significant difference) post-hoc tests were also used
to separate means of forest types or species based on their
respective mean foliar nutrient concentrations and balances.
Testing nutrient concentrations aided our interpretation of
nutrient balance results. Foliar nutrient concentrations that
were used in the analysis were occasionally log-transformed to




Concentrations of foliar N, P, K, Ca, and Mg of SM and RM
seedlings among the three forest types at St. Hippolyte are
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presented in Table 2. Sugar maple seedlings that were sampled
in hardwood stands have significantly higher foliar Ca and
Mg concentrations than seedlings in conifer-dominated stands.
Foliar K concentrations of RM seedlings in hardwood stands
are significantly higher than seedlings in conifer-dominated
stands. Also, RM seedlings in mixed hardwood-conifer stands
have significantly higher foliar N concentrations than seedlings
in conifer-dominated stands. Finally, RM seedlings have
significantly lower foliar N and higher foliar Mg concentrations
than SM seedlings (Table 2).
Foliar nutrient concentrations in SM and RM seedlings that
were measured in St. Hippolyte are generally within the range of
concentrations that have been reported in the recent literature
(Figure 1). Only foliar P concentrations of both SM and RM
seedlings are at the lower limit of literature ranges.
Foliar ilr Balances
Foliar ilr balances of SM and RM seedlings at St. Hippolyte
were computed for each forest type (Table 3). Considering the
influence of forest type on soil chemical properties (notably
forest floor pH, see Collin et al., submitted), it was necessary
to analyze the data using a mixed-effects model to separate the
plot and forest type effects on the foliar balances of SM and
RM. Analysis revealed that SM seedlings have significantly higher
foliar [Mg,Ca,K|P,N], [Mg,Ca|K], and [Mg|Ca] balances, and a
significantly lower foliar [Fv|Elements] balance compared to RM
(Figure 2). It is important to note that these balances do not
behave in the same manner as traditional ratios. A decreasing
foliar ilr balance means that either the left part of the balance
(the numerator of the ratio) is increasing or that the right part
(the denominator of the ratio) is decreasing. Linear discriminant
analysis suggests that the foliar [Mg|Ca] balance, followed by
the [Mg,Ca,K|P,N] balance, can discriminate most RM seedlings
from SM seedlings (Figure 3). The resulting classification matrix
indicated 91.6% and 85% correct classifications of SM and RM
seedlings, respectively, using foliar balances. This indicates that
foliage of SM and RM seedlings possess distinct nutritional
signatures.
Foliar [Mg,Ca,K|P,N] and [Mg,Ca|K] balances of SM
seedlings rise with increasing proportions of conifers (and thus,
increasing forest floor acidity) (Figure 4). These balances are
significantly higher for seedlings in conifer-dominated stands
than for seedlings in hardwood stands. Conversely, the foliar
[Fv|Elements] balance of seedlings in conifer-dominated stands
is significantly lower than that for seedlings in hardwood stands.
No difference was found among forest types in the foliar balances
that were computed for RM. A high degree of variability was
found for the balances of RM seedlings in hardwood stands
(Table 3, Figure 4).
A significant linear relationship was found between foliar
signatures (i.e., all balances considered) of SM seedlings and
forest floor pH which varied with forest types (adjusted
R2 = 0.262, P < 0.01, Table 4). However, this relationship
FIGURE 1 | Ranges of foliar N, P, K, Ca, and Mg concentrations in
sugar maple (SM) and red maple (RM) seedlings that were measured in
this study and were taken from the literature, i.e., based on St. Clair
and Lynch (2005a,b), Park and Yanai (2009), Fahey and Blum (2011),
and Momen et al. (2015).
TABLE 2 | Mean foliar nutrient concentrations (%) of sugar maple and red maple seedlings between forest types.
N P K Ca Mg
SUGAR MAPLE
Hardwood 1.88 (±0.10) 0.11 (±0.01) 0.63 (±0.07) 0.91 (±0.06)a 0.21 (±0.03)a
Mixed hardwood-conifer 1.71 (±0.10) 0.11 (±0.005) 0.60 (±0.07) 0.84 (±0.07)ab 0.19 (±0.02)ab
Conifer-dominated 1.86 (±0.14) 0.11 (±0.01) 0.65 (±0.06) 0.74 (±0.06)b 0.16 (±0.02)b
RED MAPLE
Hardwood 1.64 (±0.07)ab 0.11 (±0.01) 0.78 (±0.13)a 0.86 (±0.12) 0.34 (±0.03)
Mixed hardwood-conifer 1.74 (±0.13)a 0.11 (±0.004) 0.70 (±0.07)ab 0.75 (±0.05) 0.31 (±0.03)
Conifer-dominated 1.52 (±0.08)b 0.11 (±0.01) 0.59 (±0.06)b 0.78 (±0.08) 0.30 (±0.02)
SPECIES COMPARISON
P-value < 0.001 0.977 0.116 0.328 < 0.001
Standard errors are presented in parentheses.
Means within a column for a given species that are followed by the same letter do not differ at P < 0.05 (Tukey tests). Species comparisons consider forest type as a random factor.
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TABLE 3 | Mean foliar ilr balances of sugar maple and red maple seedlings among forest types.
Ilr Balances
[Fv|Elements] [Mg,Ca,K|P,N] [P|N] [Mg,Ca|K] [Mg|Ca]
SUGAR MAPLE
Hardwood −4.86 (±0.05) −0.06 (±0.08) 1.99 (±0.05) 0.28 (±0.10) 1.05 (±0.08)
Mixed hardwood-conifer −4.93 (±0.05) −0.06 (±0.06) 1.96 (±0.03) 0.31 (±0.14) 1.06 (±0.07)
Conifer-dominated −4.95 (±0.05) 0.11 (±0.05) 1.98 (±0.06) 0.54 (±0.12) 1.13 (±0.12)
RED MAPLE
Hardwood −4.83 (±0.16) −0.33 (±0.15) 1.96 (±0.16) 0.25 (±0.11) 0.65 (±0.08)
Mixed hardwood-conifer −4.82 (±0.04) −0.23 (±0.08) 1.95 (±0.06) 0.30 (±0.08) 0.64 (±0.07)
Conifer-dominated −4.88 (±0.03) −0.23 (±0.06) 1.85 (±0.06) 0.15 (±0.11) 0.66 (±0.09)
Standard errors are presented in parentheses.
FIGURE 2 | Tukey tests determined differences in foliar ilr balances
between sugar maple (SM) and red maple (RM) seedlings, as analyzed
using a mixed model with plot and forest type as random factors.
Differences are significant (P < 0.05) when they do not include zero.
Differences on the left side of the origin indicate that concentrations of
nutrients in the left part of the balance are higher (or concentrations in right
part lower) in SM than RM seedlings, and vice-versa.
is only due to variations in foliar [Mg,Ca|K] balances (adjusted
R2 = 0.494, P < 0.01). There is no relationship between
foliar signatures of RM seedlings and forest floor pH (adjusted
R2 = −0.056, P = 0.83, Table 4). This is in agreement with
the observation that foliar balances of RM seedlings do not vary
significantly among forest types.
Comparison of Foliar ilr Balances of SM
Seedlings within Healthy and Declining
Stands
Foliar ilr balances for healthy and declining SM stands that
were computed from literature foliar nutrient data are presented
FIGURE 3 | Results of linear discriminant function analysis (DFA)
between foliar balances of sugar maple (SM) and red maple (RM)
seedlings. The 1st axis explains all of the variation. Subsequent classification
analysis reports that 91.6 and 85% of responses were correctly classified for
SM and RM seedlings, respectively. The higher the absolute value of the
coefficient, the higher its ability to discriminate between groups.
in Table 5. The ranges of those foliar balances are represented
in Figure 4, together with foliar ilr balances of SM seedlings
at St. Hippolyte. Comparisons between data sets can be used
to partially assess SM seedling fitness. On the one hand,
foliar [Mg,Ca,K|P,N] and [Mg,Ca|K] balances of declining SM
stands are higher than foliar balances of healthy stands. On
the other hand, foliar [Fv|Elements] balances are lower for
declining SM stands than healthy stands. Among these three
balances diverging between healthy and declining stands, foliar
[Fv|Elements] of SM seedlings in mixed hardwood-conifer and
conifer-dominated stands at St. Hippolyte fall within the upper
limit of declining stands, whereas foliar [Fv|Elements] of SM
seedlings in hardwood stands fall within the range of healthy
stands. Foliar [Mg,Ca|K] and [Mg,Ca,K|P,N] balances of SM
seedlings in hardwood and mixed hardwood-conifer stands fall
within the upper limit of the ranges of healthy stands, whereas
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FIGURE 4 | Comparison of foliar ilr balances of sugar maple (SM) and red maple (RM) seedlings among forest types (H, hardwood stands; M, mixed
hardwood-conifer stands; C, conifer-dominated stands). Rectangles on the left of each panel are foliar ilr balances based on literature data for healthy and
declining SM stands (see Table 5 for details of references and values). Significant differences (P < 0.05) in foliar balances between forest types (not between maple
species) are indicated with different letters. A significantly lower balance indicates that concentrations of nutrients in the left part of the balance are significantly higher
(or concentrations in right part lower), and vice-versa.
the balances of seedlings in conifer-dominated stands fall within
or lean toward the lower limit of declining stands for [Mg,Ca|K]
and [Mg,Ca,K|P,N], respectively.
DISCUSSION
We tested the hypothesis that while nutrient imbalances
in SM seedling foliage increase with increasing soil acidity,
nutrients in RM seedling foliage are more balanced
because this species can better adapt to environments
with greater nutrient limitations. Thus, ilr balances were
computed from foliar nutrient concentrations of SM
and RM seedlings that were growing naturally on forest
floors with increasing acidity as conditioned by varying
proportions of conifers. Our results support both parts of the
hypothesis.
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TABLE 4 | Linear model comparisons between foliar ilr balances
(response variables) of sugar and red maple seedlings and forest floor pH.
R² adjusted R² Var F-value P-value
SUGAR MAPLE
all ilr 0.33 0.26 0.025 4.91 0.005
(1) [Fv|Elements] 0.06 −0.04 0.0003 0.59 0.45
(2) [Mg,Ca,K|P,N] 0.22 0.14 0.003 2.81 0.13
(3) [P|N] 0.00 −0.10 0.00003 0.04 0.84
(4) [Mg,Ca|K] 0.54 0.49 0.022 11.7 0.006
(5) [Mg|Ca] 0.03 −0.06 0.0003 0.34 0.59
(1 + 2 + 4) 0.43 0.37 0.025 7.41 0.01
(2 + 4) 0.47 0.41 0.024 8.79 0.005
RED MAPLE
all ilr 0.04 −0.06 0.0052 0.42 0.83
Significant model fits are indicated by P-values in bold type.
Differences in foliar [Mg|Ca] and [Mg,Ca,K|P,N] balances
between SM and RM seedlings directly reflect foliar
concentrations of N and Mg in RM seedlings, which are
respectively lower and higher than those of SM seedlings
(Table 2). Higher foliar Mg concentrations tend to lower the
[Mg|Ca] balance, whereas lower N concentrations tend to lower
the [Mg,Ca,K|P,N] balance. Concentrations of foliar nutrients in
RM seedlings were previously reported as being lower than those
of SM seedlings in ecosystems that are characterized by acidic
soils, according to St. Clair and Lynch (2005b). These authors
explained that lower nutrients in RM foliage could be due, in
part, to lower nutrient requirements of RM. However, at St.
Hippolyte, foliar nutrients of RM seedlings were not necessarily
lower than those of SM seedlings. Moreover, foliar nutrients of
SM and RM seedlings at our study site were generally in the same
range as values that have been reported in other recent studies
for SM and RM seedlings (Figure 1), reinforcing the idea that
seedlings of various ages can be compared relatively well as long
as they have similar physiological ages (Marschner, 2011).
Back-transformations of foliar [P|N] balances to N:P ratios
at St. Hippolyte yielded values averaging 16.6 (±0.6) for SM
seedlings and 17.5 (±4.5) for RM seedlings (data not shown).
A meta-analysis of Redfield ratios of terrestrial plant species in
natural field sites revealed an average value of 12–13 (Güsewell,
2004). N:P ratios vary widely among and within species, with
intraspecific variation being greater than interspecific variation.
Ratios <10 and >20 generally correspond respectively to N-
and P-limited biomass production (Güsewell, 2004). The higher
average N:P ratio in St. Hippolyte compared to the mean
ratio that was reported by Güsewell (2004) is most likely the
consequence of the low foliar P concentrations at our study site.
Foliar P concentrations of both SM and RM seedlings at St.
Hippolyte are at the lower limit of values that are reported in
the literature (Figure 1). This could be due to the fact that both
species are at the northern limits of their distributions. Lower
soil temperatures that are found at the northern limit tend to
decrease nutrient turnover and availability (Zak et al., 1999), and
ion uptake by plant roots (Dong et al., 2001; Pregitzer and King,
2005). However, we believe that low foliar P concentrations at
TABLE 5 | Foliar ilr balances that were computed based on nutrient
concentrations found in the literature for healthy and declining sugar
maple trees.
Source Isometric log-ratio balances




−4.56 −0.25 1.53 −0.10 1.76
Kolb and
McCormick, 1993
−4.32 −0.44 1.81 0.09 1.20
Côté and Camire,
1995
−4.59 −0.15 1.90 0.08 1.38
Ouimet and
Camiré, 1995
−4.80 −0.06 1.93 0.21 1.30
Liu et al., 1997 −4.90 −0.10 2.04 0.11 1.28
Moore et al., 2008 −4.70 −0.05 1.80 0.04 1.12
Long et al., 2009 −4.34 −0.16 1.59 0.33 1.66
−4.38 −0.17 1.58 0.36 1.32
Mean - Healthy
stands




−5.24 0.57 1.92 1.08 1.20
−5.04 0.83 1.45 1.06 1.60
Kolb and
McCormick, 1993
−4.95 0.48 1.95 0.75 1.52
−5.26 0.68 2.10 1.36 1.42
Côté and Camire,
1995
−5.04 0.44 2.24 0.77 1.54
−5.01 0.28 2.03 0.75 1.38
Ouimet and
Camiré, 1995
−4.90 0.35 1.87 0.47 0.92
Liu et al., 1997 −4.96 0.23 1.73 0.69 1.38
Moore and
Ouimet, 2006
−5.02 0.58 1.85 0.88 1.02
Moore et al., 2008 −5.07 0.51 1.74 0.96 1.08
Long et al., 2009 −5.48 0.57 1.80 1.19 1.37
−5.41 0.68 1.96 1.20 1.29
Mean - Declining
stands
−4.90 0.83 2.24 1.36 1.60
St. Hippolyte are more likely related to its very specific bedrock
and parent material geochemistry (see Materials and Methods
section for details), which in turn affect soil P availability and
plant uptake. As a whole, the podzolic B horizons have very low
Mehlich III extractable P concentrations (average of 0.92mg P
kg−1, Collin et al. submitted) and total P2O5 contents (∼0.02%)
(Bélanger et al., 2012).
Influence of Forest Type
Increasing proportions of conifers and soil acidity resulted
in modifications of foliar ilr balances only for SM seedlings
(Figure 4). A significant decline in the foliar [Fv|Elements]
balance with an increasing proportion of conifers indicates a
general decrease in nutrients or an increase in Fv. The Fv is
composed of elements that are not often measured, particularly
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in forest studies, viz., C, H, O, other macronutrients (e.g., S)
and micronutrients (e.g., Cu, Zn, B). An increase in foliar Al
and Mn concentrations in SM seedlings under an increasing
proportion of conifers may be one factor explaining Fv variation.
Increases in foliar Al and Mn have been recorded in SM due
to decreasing soil pH (Hallett et al., 2006; Kogelmann and
Sharpe, 2006; Schaberg et al., 2006; Long et al., 2009; Park and
Yanai, 2009; Beauregard et al., 2010). High ionic activity of Al
and Mn in acidic soil solution is common and this tends to
increase their uptake by tree roots at the expense of Ca and Mg,
including SM (Cronan and Grigal, 1995; Likens et al., 1998).
A significant increase in the foliar [Mg,Ca,K|P,N] balance can
be due to a decrease in Mg, Ca or K concentrations, or an
increase in P and N concentrations. However, our data suggest
that the latter explanation is compromised, as foliar N and
P concentrations of SM seedlings did not vary between forest
types (Table 2). Thus, the significantly higher foliar [Mg,Ca|K]
balance of SM seedlings in conifer-dominated stands compared
to SM seedlings in hardwood stands, together with stability of
the foliar [Mg|Ca] balance between forest types, could mean that
Ca and Mg are deficient in conifer-dominated stands compared
to hardwood stands. The foliar [Mg,Ca|K] balance was also the
main factor explaining foliar ilr balance discrimination among
forest types (Table 4). Differences in foliar balances, therefore,
are clearly related to decreasing soil pH and most probably
increased Al and Mn mobility/availability. The latter are both
conditioned by increasing proportions of conifers. In turn,
there is an antagonistic effect on Ca and Mg uptake by SM
seedlings that subsequently translates into foliar imbalances.
These results support the first part of our hypothesis that nutrient
imbalances in SM foliage increase due to increasing soil acidity as
conditioned by increasing proportions of conifers.
It is well known that SM trees are particularly sensitive to low
Ca and Mg availability compared to other tree species that are
growing on acidic soils (Kobe et al., 2002; Duchesne and Ouimet,
2009; Long et al., 2009). Most declining SM stands in southern
Quebec were attributed to low soil Ca and Mg availability, in
part, due to imbalances in Al and Mn that were induced by
atmospheric acid deposition. Imbalances could also be attributed
to exports of Ca andMg in harvested biomass in excess of natural
inputs, resulting in low foliar Ca and Mg (Duchesne et al., 2002;
Ouimet et al., 2006; Duchesne and Ouimet, 2009). The health
and vigor of SM trees is constrained by the low Ca and Mg
availability of acidic soils, and accompanied by foliar Ca and Mg
concentrations below deficiency thresholds (Drohan et al., 2002;
Bailey et al., 2004; Houle et al., 2007; St. Clair et al., 2008; Long
et al., 2009). Foliar Mg concentrations in declining SM stands are
often very low and correlated with a decline in canopy health
(Horsley et al., 2000). The benefits of liming declining stands
of SM on rates of photosynthesis or growth were demonstrated
through field studies (Liu et al., 1997; Duchesne et al., 2003;
Moore and Ouimet, 2006; Schaberg et al., 2006; Moore et al.,
2014). Calcium and Mg deficiencies of SM seedlings in conifer-
dominated stands compared to hardwood stands at St. Hippolyte
suggests that conifer-dominated boreal forests could limit the
ability of SM to migrate northward to find a more adequate
climate in a rapidly warming world. Our results only reflect the
best-case scenario as the SM seedlings that were measured were
those capable of naturally growing even under more stressful
conditions that were found in conifer-dominated stands. Many
conifer-dominated stands, for example, were not selected for
the study because SM seedlings were not present. Similarly,
the only foliar balances of SM seedlings that were significantly
different among forest types at St. Hippolyte, i.e., [Fv|Elements],
[Mg,Ca,K|P,N], [Mg,Ca|K] (Table 3, Figure 2), were also those
differing between healthy and declining SM stands found in
the literature (Table 4, Figure 4). Because the data linking yield,
fitness and foliar nutrition are unfortunately limited to SM
trees, not to SM seedlings, it is likely more appropriate to refer
to samples in conifer-dominated stands as poorly acclimating
seedlings rather than declining seedlings.
Foliar balances of RM seedlings at St. Hippolyte do not show
any significant difference among forest types (Figure 4), nor
are foliar balances related to forest floor pH (Table 5). These
results indicate a greater capacity of RM seedlings to maintain
their foliar balances within a certain range of soil acidity (i.e.,
forest floor pH on the study site ranges from 3.73 to 4.94)
than SM seedlings. Greater variation in foliar balances of RM
seedlings in the hardwood standsmay be the reason that we failed
to detect significant differences among forest types. However,
the large variation may also reflect higher nutritional plasticity
in RM to contrasting environmental conditions. In the past
few decades, RM populations in eastern North America have
been expanding more rapidly than those of other tree species
(Alderman et al., 2005; Fei and Steiner, 2007). Expansion of
RM was related to factors as diverse as fire regime, climate,
biotic interactions and physiological characteristics. For example,
high recruitment capacity that is associated with high seed
banking (and, therefore, fast colonization capacity) was proposed
as an explanation for its current expansion (Warren et al.,
2004; Lambers and Clark, 2005). Lower energy and resource
requirements for biomass production and maintenance were also
suggested to explain its competitive success (Nagel et al., 2002).
As a whole, RM is characterized as a competitive generalist
possessing functional traits belonging to both early and late-
successional tree species (Abrams, 1998). It is able to thrive
on sites with greatly contrasting soil conditions due to its
lower water and nutrient requirements for growth and survival
compared to many other hardwood species in North America.
Our results support the second part of our hypothesis that the
lower nutrient requirements of RM seedlings allow the species to
adapt nutritionally to a wide range of acid soils compared to SM
seedlings. This lower nutrient requirement is another possible
factor explaining the recent expansion of RM relative to SM on
acidic and nutrient-poor soils.
CONCLUSION
First, our study indicates that forest floor acidity under conifer-
dominated forests negatively affects foliar nutrition of SM
seedlings through reduced foliar Ca and Mg concentrations.
This leads to alteration of the equilibrium of foliar nutrient
balances. In this case, analysis of foliar nutrient concentrations
and balances led to similar conclusions. Second, results
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support our hypothesis that RM seedlings can better adapt
its foliar nutrient balances than can SM seedlings through
greater tolerance of more acidic soil environments with
lower nutrient availability. Interestingly, while RM balances
were not significantly different between forest types, foliar
nutrient concentrations showed statistically significant decreases
with traditional mean comparison (i.e., N and K). Hence,
it demonstrates the usefulness of ilr transformations for
studying plant nutrition. It should be emphasized that the
ilr method is complementary to studying untransformed
nutrient concentrations—it does not always provide further
information but rather removes any possible bias of working with
untransformed data. In this respect, this study demonstrates that
the ilr method provides a different perspective for explaining
the ecology of RM seedlings. Finally, our study also provides a
valuable set of foliar nutrient data for SM and RM seedlings,
which are currently sparse in the literature, together with ilr
balances of SM that were computed from a comprehensive list
of studies. More studies should focus on foliar nutrition of tree
seedlings as a means to elucidate their potential for establishing
and surviving in new environments under climate change.
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